We used specific monoclonal antibodies (MAb) to human cytochrome P450 isoenzymes to determine the presence of these proteins in human epidermal cells. Two MAb (P450-5 and P450-8) recognize major forms of hepatic cytochrome P450 involved in biotransformation of xenobiotics. A third MAb, to cytochrome P450-9, is not fully characterized. The proteins were determined by the indirect immunoperoxidase technique after fixation with methanol and acetone. Biopsy materials for cultured keratinocytes, i.e., foreskin and hair follicles, contained the two major forms of cytochrome P450. In cultured keratinocytes derived from hair follicles the proteins were undetectable, whereas the keratinocytes derived from foreskin continued to express the two major ' Supported by the Dutch Ministry of Education and Sciences
Introduction
The cytochrome P450 monooxygenase system plays an important role in the oxidative metabolism of many drugs, food additives, and environmental pollutants (1) . These chemicals can be metabolized to intermediates more toxic than the parent compound, e.g., benzo(a)pyrene needs conversion by cytochrome P450 enzymes to express mutagenic and carcinogenic activities.
Over the last two decades, many forms of cytochrome P450 have been isolated (2) . The various P450 isoenzymes are induced by different chemicals and can metabolize a number of substrates in different ways. On the basis of cDNA and/or amino acid sequences, the P450 gene superfamily can be divided into 10 gene families ( 2 ) . The major forms of P450 involved in biotransformation of xenobiotics are found in the gene families I, 11, 111, and IV. The isoenzymes of family I are inducible by polycyclic aromatic hydrocarbons (PAH). The family I1 contains many forms, including the phenobarbital-and ethanol-inducible isoenzymes. Induction by pregnenolone 16a-carbonitril and dexamethasone are related to the isoenzymes of family 111. The isoenzymes of gene family IV are inducible by hypolipidemic peroxisome proliferatos (e.g. clofibrate) and express a high specifcity t m d s lauric acid q-hydroxylation.
Although most research on cytochrome P450 involves rodents, recently more information on human isoenzymes has become available (3). Wang and co-workers purified six human cytochrome P450 isoenzymes from liver microsomes (4) . These isoenzymes can be classified into two families on the basis of their immunochemical properties: P45O-8-related isoenzymes 1 and 8 supporting S-mephenytoin 4-hydroxylasc and benzo(a)pyrene hydroxylase (gene family 11) (3). The P450-5-related isoenzymes 2 , 3, 4, 5 , and 7 are also recognized by an antibody to P 4 5 0~. This last isoenzyme is involved in nifedipine oxidation and aldrin epoxidase (family 111) (3, 5) . A new human isoenzyme was isolated, named cytochrome P450-9, that cannot be related to the two above families on the basis of catalytic or immunochemical properties (3,6). None of the purified isoenzymes mentioned above are associated with the 0-deethylation of ethoxyresorufin, a specific substrate for 3-methylcholanthrene-inducible isoenzymes (gene family I) (see Ztble 1) .
Although the liver is the principal organ involved in biotransformation, many other tissues also possess cytochrome P450 enzymes (7) . The skin is one of the major interfaces between the body and its environment and is exposed to a variety of potentially toxic chemicals. The skin not only functions as a barrier to environmental agents but also possesses enzymes capable of metabolizing a ? According to Beaune et al. (6) .
According to Guengerich (3).
According to Ncben and Gonzdcz (2) variety of xenobiotics (8) . Most studies on the biotransformation capacity of skin and cultured skin cells have been focused on the metabolism of benzo(a)pyrene and other polycyclic aromatic hydrocarbons (8) .
Cultured human keratinocytes may be a good tool to study toxic effects on human epithelial cells (9,lO) . Because biotransformation is an important factor in the toxicity of many chemicals, the maintenance of the different forms of cytochrome P450 in culture is an important condition for a good in vitro system. Cultured rodent hepatocytes show dramatic changes in cytochrome P450 activity and isoenzyme pattern in relation to the cultivation time (11) . Little is known of the dfect of cultivation on the cytochrome P450 system in human cells. The studies available on human hepatocyte cultures show that, in contrast to hepatocyte cultures of experimental animals, the loss of total cytochrome P450 is limited (12J3). The effect of long-term cultivation on the cytochrome P450 monooxygenase system in other human cells has not yet been studied. Several reports describe the metabolism of benzo(a)pyrene in cultured human keratinocytes derived from skin (1415) and from human hair follicles (16J7). This catalytic activity is inducible by PAH, indicating the involvement of the isocnzymes of the P450 gene family I. Little information is available on the presence and activity of other forms of cytochrome P450 in epidermal cells (8) .
We studied the presence of cytochrome P450 in cultured human keratinocytes, fibroblasts, and the keratinocyte cell line SVK14, as well as in human skin and hair follicles. Specific monoclonal antibodies (MAb) to three forms of human hepatic cytochrome P450 isoenzymes enabled us to determine the presence of the proteins in different cells and tissues. Two of these antibodies, anti-P450-5 and anti-P450-8, recognize the major forms of cytochrome P450 in the human liver.
Materials and Methods
Materials. The monoclonal antibodies raixd against human cytochrome P450 isoenzymes 5 , 8, and 9 (mouse IgGs) were purchased from Dr. P. Kremcrs (University of Liege, Belgium). These MAb have been characterized using purified proteins (4) (5) (6) 18, 19) . The MAb (mouse IgG) against human cortical thymocyte T6, the secondary antibody peroxidase-labeled rabbit anti-mouse, and the normal rabbit serum were purchased from Dakopatts (Uithoorn, The Netherlands).
Cell Culture. Human hair follicle keratinocyte cultures were initiated on fragments of bovine eye lens capsule using Eagle's minimum essential medium containing Earle's salts (EMEM), supplemented with 15% fetal calf serum (FCS) and co-factors (20) . After 8-10 days these cultures were used for either serum-free cultivation on MCDB 153 (20) or subcultivated on Dulbecco's MEMlFl2 (21) for another 8 days.
Human epidermal cells were isolated and cultured according to Rheinwald and Green (22) . Briefly, surgically removed foreskin samples were cut into small pieces ( 5 x 5 mm) and treated with 0.25% trypsin in Hank's balanced salt solution (HBSS) owrnight at 4'C. The next morning, the pieces of skin were placed at 37'C for 30 min, after which the protease activity was stopped by replacing the buffer with Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS. Epidermal and dermal layers were separated with sterile forceps. The epidermal keratinocytes were isolated by repeated pipetting of the epidermal layer in DMEM supplemented with 15% FCS. The cell suspension was centrifugated (8 min, 100 x g) and re-suspended in complete culture medium. Murine 3T3 fibroblasts, treated with mitomycin C (4 wglml for 2 hr), were used as feeder layer cells for human keratinocyte culture (23) . The cell line SVK14, generously donated by Dr. J. Eylor-Papidimitrou, was cultured on RPMI 1640 (24) .
Cryopreserved human hepatocytes (25) were a kind gift of Dr. S.H. Yap (Catholic University of Nijmegen, the Netherlands). Human fibroblasts were cultured on DMEM containing 10% FCS.
Fixation and Immunocytochemical Procedures. Freshly plucked human hair follicles were fixed in Karnovsky's reagent for 2 hr, dehydrated, and embedded in paraffin. Longitudinal sections were dcparaffined and used for immunostaining. Transverse sections of frozen human skin were dried for 1 hr. Keratinocytes derived from hair follicles were directly cultured on coverslips. Primary skin keratinocytes, SVK14 cells (passage 30), and human fibroblasts (passage 26) were cultured on glass slides. Before fixltion the feeder layer cells were removed by washing the cultures twice with PBS, pH 7.4, containing 0.02% EDTA (22) . Slides with human hepatocytes were prepared using a cell centrifuge (Cytospin; Shandon Southern, Astmoor Runcorn, UK).
All slides were washed with 0.1 M PBS, pH 7.4, and fixed with methanol for 10 min, followed by 1 min with acetone. After further washing with PBS the samples were pre-incubated with normal rabbit serum for 30 min. The excess of serum was removed and replaced with the antibodies. After incubation for 60 min the slides were rinsed three times in PBS. The samples were incubated with the second antibody for 30 min, washed with PBS, and stained with diaminobenzidine (DAB). The slides were counterstained with Mayer's hematoxylin, dehydrated in ethanol. and mounted in Depex.
Results
In all experiments, slides incubated with PBS and with the antibody T6 were used as negative controls. No staining was observed Table 2 
. Presence of cytochrome P4SO-S, -8, and -9 in human epidermal cells, biopsy m a t e d s , a n d hepatocytef
MAC nLed to human P450 in the control samples, with the exception of the skin sections; MAb T6 reacted with the Langerhans cells in both dermis and epidermis.
Human hepatocytes were used to determine the dilution of the antisera and as positive controls in each experiment. Intense staining of the cytoplasm was observed after treatment with all three an ti bodies.
The results presented below reflect observations from at least two independent experiments for every tissue and cell type and are summarized in Table 2 .
The two biopsy materials for human keratinocytes (skin and hair follicles) showed positive staining for the two major forms of hepatic cytochrome P450 isoenzymes (anti-P45O-5 and -8). The antibody to P450-9 gave no staining in human skin sections or hair follicles. In human skin the proteins were localized in both dermis and epidermis. The isoenzymes were restricted to the outer root sheath of the hair follicles.
Cultured Keratinocytes
Keratinocytes derived from hair follicles were either cultured in a defined low-calcium, serum-free medium (MCDB 153) or subcultivated in DMEMIF12 supplemented with 5% FCS. Cultures in MCDB 153 contained only proliferating basal keratinocytes, whereas in cultures in high-Ca++ medium (DMEMIF12) the cells formed stratified colonies. All three isoenzymes of cytochrome P450 were undetectable in both basal and more differentiated cells ( Figure 1A) .
Keratinocytes derived from foreskin explants were cultured in a high-Ca+* medium. The two major hepatic isoenzymes of cytochrome P450 were uniformly distributed in these cells ( Figure 1B) . No staining was observed after exposure to the third MAb (anti-P450-9).
Cell Lines
The transformed keratinocytcs (SVK14) contained both cytochrome P450-5 and -8, but no P450-9 was detected in these cells ( Figure IC) .
Cultured human fibroblasts expressed the same staining pattern as the SVK14 cells ( Figure ID ).
Discussion
Little information is available on the presence of ddferent forms of cytochrome P450 in human skin. Murray et al. (7) used an MAb to a cytochrome P450III isoenzyme to study the presence of the protein in different tissues. Clear but weak staining was observed in the non-keratinized layers of the epidermis and the epithelium of the sebaceous glands. Immunostaining was absent in hair follicles and dermal connective tissue. Baron et al. (26) demonstrated cytochrome P450 in the epithelium of skin with a polyclonal antibody to an unidentified form of human cytochrome P450.
Human skin and hair follicles can metabolize benzo(a)pyrene and this enzyme activity is inducible by application of crude coal ta in vivo (27, 28) . These observations prove the presence of isoenzymes of cytochrome P450 gene family I in these tissues. In the present study, we showed that two isoenzymes of cytochrome P450. i.e., 5 and 8, are present in dermis and epidermis of human skin and in the outer root sheath of hair follicles. We found a uniform distribution of the P450III isoenzyme (P450-5) in contrast to the observations of Murray et al. ( 7 ) . Microheterogeneity among proteins derived from different persons and variations in the antibodies to these proteins may give rise to some of the observed differences.
Both cultured human keratinocytes and fibroblasts are able to metabolize benzo(a)pyrene (15.16). In cultured keratinocytes, this activity is inducible by 3-methylcholanthrene and benz(a)anthracene. Enzyme activities related to other P450 isoenzymes involved in the biotransformation of xenobiotics have not been reported. The presence of P450-5 and -8 gives a strong indication that cultured human foreskin keratinocytes can express a broad spectrum of metabolizing activity. The absence of these isoenzymes in cultured human hair follicle keratinocytes may be explained by the relatively long cultivation time. From every hair follicle only a few cells start to divide, and therefore the culture has passed many cell divisions before it is used. The long culture time can cause dedifferentiation, resulting in loss of some of the cell's properties. On the basis of these findings, one can conclude that foreskin keratinocytes express several isoenzymes of cytochrome P450 reflecting the skin in vivo, and may therefore be suitable as a test system in toxicological research. Conversely, keratinocytes derived from hair follicles appear to have lost these proteins. The absence of several drug metabolizing proteins in these cells makes this a less useful test system.
The two cell lines studied, human fibroblasts and transformed keratinocytes, also contain the two major human hepatic isoenzymes of cytochrome P450 isolated by Wang et al. (4) . Although human fibroblasts are regarded as a poorly metabolizing cell type, the cells are able to form some benzo(a)pyrene metabolites. However, in a cell-mediated mutagenicity assay using fibroblasts as activating system, no increase in the mutation frequency in the target cells (V79 cells) was observed after incubation with benzo(a)pyrene (15). Whether the cells are unable to form the specific reactive metabolites or the metabolites are not transported into the target cells has not been clarified. No information is available on the biotransformation activity of the keratinocytc cell line SVK14. The presence of the two major hepatic drug-metabolizing proteins in the two cell lines emphasizes the importance of studying the catalytic activity in these cells.
The isoenzyme P450-9 stained positively only in human hepatocytes. The information on this isoenzyme is very limited, and no specific catalytic activity has been identified. Our findings point to a tissue-specific protein.
The present report describes a comprehensive study on the presence of cytochrome P450 isoenzymes in human keratinocytes and related biopsy materials. The findings show that the major human hepatic forms of P450 are also present in skin and hair follicles. Keratinocytes and fibroblasts derived from skin, as well as SVK14 cells, continue to express these proteins in culture. In contrast, cultured human hair follicle keratinocytes showed no cytochrome P450 immunoreactivity. Additional studies will be needed to determine whether the presence of the proteins is accompanied by catalytic activity.
